Bilepton gauge boson contribution to the static electromagnetic properties of the W 

boson in the minimal 331 model 



G. Tavares-Velasco 

Departamento de Fisica, CINVESTAV, Apartado Postal U-740, 07000, Mexico, D. F., Mexico 

J. J. Toscano 

Facultad de Ciencias Fisico Matemdticas, Benemerita Universidad Autonoma de Puebla, Apartado Postal 1152, 72000, 

Puebla, Pue., Mexico 
(February 1, 2008) 

We present a complete calculation of the singly and doubly charged gauge bosons (bileptons) 
contribution to the static properties of the W boson in the framework of the minimal 331 model, 
which accommodates the bileptons in an SUl(2) doublet. A nonlinear gauge is used and a 
' slightly modified version of the Passarino-Veltman reduction scheme is employed as in this case 

\ the Gram determinant vanishes. It is found that the bilepton contribution is of the same order of 

. magnitude as those arising from other weakly coupled renormalizable theories, like the two-Higgs 

j^j^' doublet model and supersymmetry. The heavy mass limit is explored and the nontrivial decoupling 

, properties of bileptons are discussed. Although there is a close resemblance with the contribution of 

■ an SUl(2) fermion doublet, in the case of the bilepton doublet the decoupling theorem does remain 

' valid. As a by-product, we present a detailed study of the trilinear and the quartic vertices involving 

CO , the bileptons and the standard model gauge bosons. 
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I. INTRODUCTION 



00 . 

. One of the main goals of the next generation of high energy coUiders wiU be to probe the Yang-Mills sector of the 
standard model (SM). In order to measure the WW^ and WW Z gauge couplings, the most promising production 
modes are W Z and W^ at hadron colliders and WW at e+e^ linear colliders. With a high experimental accuracy, these 
f~| ■ modes would allow to test these couplings beyond tree level, which is essential for studying the gauge cancellations 
Oh that arise at one-loop level. The study of these couplings also offers a unique opportunity to find any evidence of heavy 
^ ^ physics lying beyond the Fermi scale. In particular, the on-shell electromagnetic properties of the W boson have been 
^ ^ the subject of constant interest since they can be sensitive to new physics effects. These quantities are the anomalous 
I (one-loop) magnetic dipole moment and the electric quadrupole moment, which are characterized by two parameters 
^ ' denoted by Ak and AQ. They appear as coefficients of Lorentz structures of canonical dimension 4 and 6, respectively. 
. ^ , In the SM, both Ak and AQ vanish at tree level. This means that these parameters can only receive contributions at 
' one-loop level in any renormalizable theory and may be sensitive to new physics effects, which might compete with 
H ' the SM contribution. We will see below that a high precision measurement of AQ can only be useful to looking for 
- - 1 physics effects not very far beyond the Fermi scale. In contrast, Ak may be sensitive to heavy physics effects. Within 
the SM, the one-loop contributions to AQ and Ak from the gauge bosons, the Higgs scalar and massless fermions were 
studied in , whereas the top quark effects were analyzed later |^ . The sensitivity of these quantities to new physics 
effects has also been studied within some specific models, like the two-Higgs doublet model |^ and supersymmetric 
theories . Further studies were also done within models with an extra Z' boson ||] , composite particles [g| , and an 
extra W boson . Both AQ and Ak have also been parametrized in a model independent way by using an effective 
Lagrangian approach, and the phenomenological consequences have been extensively studied both at hadronic and 
leptonic colliders 

In this work we are interested in studying the on-shell WW^ vertex in the framework of the minimal 331 model, 
which is based on the simplest nonabelian gauge-group extension of the SM, namely SUc(3) x SUl(3) x Ux(1) In 
particular, we will concentrate on the contributions coming from a pair of singly and doubly charged gauge bosons 
predicted by this model. These particles are called bileptons |^ because they have two units of lepton number. The 



'^Unless stated otherwise, throughout this work we will use the terms bilepton or bilepton gauge boson to refer to both the 
singly and doubly charged gauge bosons of the 331 model. 
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331 model has attracted considerable attention recently [Q since it requires that the number of fermion families 
be a multiple of the quark color number in order to cancel anomalies, which offers a possible solution to the flavor 
problem. Another important feature of this model is that the SUl(2) group is totally embedded in SUl(3). As a 
consequence, after the first stage of spontaneous symmetry breaking (SSB), when SUl(3) x Ux(1) is broken down to 
SUl(2) X Uy(1), there emerge a pair of massive bileptons in a doublet of the electroweak group, giving rise to very 
interesting couplings with the SM gauge bosons. In particular, these couplings do not involve any mixing angle, as 
occurs in other SM extensions, and are similar both in strength and Lorentz structure to those couplings existing 
between the SM gauge bosons. 

Besides their nontrivial transformation properties under the electroweak gauge group, the bileptons get a mass 
splitting at the Fermi scale due to the presence of some terms that violate the custodial SUc(2) symmetry. It is 
well known, from the analysis of fermion or scalar doublets, that these peculiarities might give rise to nondecoupling 
effects in low-energy processes. For this reason, it is important to investigate the respective contribution to Ak and 
AQ on the basis of the decoupling theorem . It is a known fact that a heavy particle might be detected through 
its virtual effects on low-energy physics if it evades the decoupling theorem ||l^. This interesting phenomenon can 
occur only in theories with SSB, where some particles can have a mass heavier than the vacuum expectation value 
(VEV) scale due to a large coupling constant. In such a situation, the suppression factor arising from the propagator 
of the heavy particle is compensated by a mass factor appearing in the numerator, which in turn is determined by a 
large coupling constant. In contrast, a particle decouples in the heavy mass limit if its mass is induced by a gauge 
singlet bare parameter (usually an unfixed VEV) since dynamics compensatory effects are not present in this case. 
In this paper we will show that bileptons obey the decoupling theorem and, as a consequence, their contribution to 
both Ak and AQ vanishes in the heavy mass limit. This behavior is a result of the fact that a large mass implies a 
large parameter not fixed by experiment, namely a VEV larger than the electroweak scale. It is interesting to note 
that this case is similar to that studied in Ref. in which an extra scalar doublet that does not develop a VEV 
was considered. On the other hand, the decoupling nature of AQ is not surprising, even if it receives contributions 
from aparticle that violates the decoupling theorem. It turns out that this quantity is insensitive to a large physical 
scale |lj] . This result is a consequence of the fact that AQ is parametrized by a dimension-6 Lorentz structure which 
is naturally suppressed by inverse powers of the mass of the heavy particle circulating in the loop, as was explicitly 
verified for the contribution of an extra fermion generation and technihadrons [jl^ . We will return to this point later 
in the context of the bilepton contribution. 

In contrast to other extensions of the SM, in the 331 model the mass of the extra gauge bosons is bounded from 
above as a consequence of matching the gauge coupling constants at the Fermi scale ||l^ . Therefore this model would 
be either confirmed or ruled out at the future high-energy colliders. Current bounds establish that bilepton masses 
may take values ranging from a few hundred of GeVs to about 1 TeV. This is an important reason to investigate the 
effect of these particles on the WWj vertex. We will show below that the respective contributions to Ak and AQ 
are comparable to those induced by other weakly coupled renormalizable theories. 

Another point worth to mention concerns the approach we took to perform our calculation. In the first place, we 
found convenient to use a nonlinear gauge rather than the unitary gauge. For this aim we introduced a gauge-fixing 
term covariant under the Uo(l) gauge group, from which the necessary Feynman rules were derived. This gauge-fixing 
procedure allowed us to remove the mixed YGyJ vertices. As for the evaluation of the tensorial integrals, it has been 
customary to use the Feynman parameters technique for evaluating the static properties of elementary particles. It 
turns out that, in this case, the Passarino-Veltman reduction method [l6| breaks down since the Gram determinant 
of the kinematic matrix vanishes p^ . However, we will show below that, even in this case, the last method can be 
used after introducing some slight modifications. 

The rest of the paper is organized as follows. In Sec. p we give a description of the minimal 331 model. Particular 
emphasis is given to the Yang-Mills sector. In Sec. ^ we present the calculation of the static properties of the 
W boson. Sec. IV is devoted to discuss our results, and the conclusions are presented in Sec. Finally, explicit 
expressions for both the trilinear and quartic vertices involving bilepton gauge bosons are presented in the Appendices, 
together with the respective Feynman rules. 



II. REVIEW OF THE MINIMAL 331 MODEL 



To begin with, we present a short description of the fermionic sector of the minimal 331 model. We will turn next 
to discuss in detail the gauge sector. In particular, we will focus on the mass spectrum and the coupling structure 
of the Yang-Mills sector. Hereafter, we will follow closely the notation and conventions of Ref. |l^]. The simplest 
anomaly-free fermionic content of the 331 model accommodates the leptons as antitriplets of SUl(3): 
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4= :(1,3*,0), (1) 



e 



where i = 1, 2, 3 is the generation index. The quark sector includes three new exotic quarks. Two quark generations 
are given the same representation, and the third one (no matter what) is treated differently. It has been customary 
to represent the first two quark families as triplets and the third one as antitriplet H: 



qi=yd\y. (3,3,-1/3), (2) 

(3,1,-2/3); (3,1, +1/3); D'^-. (3,1, +4/3); (* = 1,2), (3) 




gi= di : (3, 3*, 2/3), (4) 



u^: (3,1, +1/3); 4: (3,1,-2/3); T^: (3,1,-5/3). (5) 

In order to accomplish the gauge hierarchy and the fermion masses, a Higgs sector composed of several SUl(3) 
multiplets is required: to break SUl(3) x Ux(1) down to SUl(2) x Uy(1) only one SUl(3) scalar triplet is necessary; 
the next stage of SSB, SUl(2) x Uy(1) Uc(l), requires two scalar SUl(3) triplets and one sextet. The minimal 
Higgs sector has the following quantum numbers 



(1,3,1); (1,3,0); 02 = ( ^ 1 ) : (1,3,-1), (6) 



where T is a 2 x 2 matrix given by 



T+/\/2 TO ) 

Both and [i = 1, 2, 3 and $i = it^ $*) are two-component complex quantities. We will see below that after 
the first stage of SSB all these quantities constitute a specific representation of the electroweak group. When 
develops a VEV, SUl(3) x Ux(1) breaks down to SUl(2) x Uy(1) and the exotic quarks and the new gauge bosons 
acquire masses. The remaining multiplets endow the SM particles with mass. 

The covariant derivative in the fundamental representation of SUl(3) x Ux(1) can be written as 

D^^d^-ig^Wl-igxX^X^,, (a = 1...8), (9) 

with A° the Gell-man matrices and = ■\/2/3 diag(l, 1, 1). The generators are normalized according to Tr A^A'' — 
28'''°, which means that TrA^A^ = 2. The first stage of SSB is accomplished by the VEV of 0y, = (0,0,^t/^/2), 
according to the following scheme: six generators are broken, namely A''(/)yo 7^ (5 = 4 ... 9), whereas the remaining 
ones leave invariant the vacuum, namely A"(/)yo = (a = 1, 2, 3). Notice that ■\/3(A^ + V2-VA^)</>yo = 0, so the 
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hypercharge can be identified with a linear combination of broken generators as follows Y = y/3{\^ + \/2X\^). At 
this stage of SSB, there appears one pair of singly and doubly charged bileptons, which are defined by 



and get a mass given by 



Q U 

My = My++ = My+ = (11) 

According to the quantum number assignment, the bilepton gauge bosons fill out one doublet of SUl(2) x Uy(1) with 
hypercharge 3: 

The gauge fields and mix to produce a massive field, Z'^, and a massless gauge boson, B^. The latter is 
associated with the Uy(1) group. These fields are given by 



Z'^^cgW^~seX^, (13) 

B^ = seW^ + ceX^, (14) 

Ml = ^{2g' + g%)u', (15) 

Mb = 0, (16) 



where so = sin 9, cg — cos 9 and tan0 = gx/{V^g)- The coupling constant associated with the hypercharge group is 
given hy g' = g sg/\/3. The remaining fields associated with the unbroken generators of SUl(3) are the gauge bosons 
of the SUl(2) group, which wiU be denoted as W^* (i = 1, 2, 3). 

In the Higgs sector, and {i — 1,2) are SUl(2) doublets with hypercharge 3 and 1, respectively. It can be shown 
that the two components of represent the pseudo-Goldstone bosons associated with the bilepton fields, while the 
real and imaginary part of (jp correspond to a physical Higgs boson and the pseudo-Goldstone boson associated with 
the Z' field, respectively. The third components of (f>i and 02, and , are singlets of SUl(2) with hypercharge 
—2 and —4, respectively. The sextet H is composed of the following structures: a doublet $3 with Y = +1, a triplet 
T with Y = +2, and a singlet ri~~ with Y = +4. As for the fermionic sector, in addition to the SM content of leptons 
and quarks, there appear three exotic quarks as singlets of SUl(2). Among these exotic quarks, two of them have 
electric charge —4/3, while the third one has electric charge 5/3. 

In summary, after the first stage of SSB we end up with the SUc(3) x SUl(2) x Uy(1) gauge group and the SM 
content of leptons and quarks, plus three doublets and one triplet of scalar fields, one bilepton doublet, one neutral 
gauge boson {Z'), and several singlets of scalar and quark fields. The presence of a bilepton doublet is a remarkable 
feature of this class of models and may give rise to some interesting phenomenological consequences. The main aim 
of this work is to explore the effects of these exotic particles on the static electromagnetic properties of the W gauge 
boson. The respective contributions to the WW^ vertex are dictated entirely by the Yang-Mills sector of the model. 
It is interesting to note that the exotic quarks do not contribute to the WWj vertex since they are SUl(2) singlets and 
thus do not interact with the W boson. Moreover, we will not consider the contributions from charged scalar Higgs 
boson as such kind of contributions have been studied widely within the two Higgs doublet model ||^. Therefore, 
our main concern hes on the structure of the Yang-Mills sector associated with the SUl(3) x Ux(1) group. The 
analysis of the Higgs kinetic-energy terms is also required since this sector is responsible for the splitting between 
the bilepton masses. As it will be discussed below, such a splitting is a consequence of the violation of the custodial 
SUc(2) symmetry. In addition, this sector requires some manipulation as we found convenient to use a renormalizable 
gauge for our calculation. 

The full Yang-Mills Lagrangian is composed of the following three SUl(2) x Uy(1) invariant pieces 

CYM = ~lw;:^wr~lx,^x'^\ 

= •^SM + ^SMNP + ^NP, (17) 
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where £sm is the SM Yang-Mills Lagrangian given by 
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CsM = ^^W;,Wr^^B,^B'^r (18) 
'CsMNP, which comprises the interactions between the SM gauge bosons and the new ones, can be written as 



SMNP 



i {D^Y, - D,Y^)^ {D^^Y- - D'^Y'^) - Y^'' (z.gW^, +ig'B^,,)Y'' 



Yl {D^'Y" - D'^Y'') - {D^'Y" - D^Y^")^ Y^ 



(19) 



where we have introduced the definitions W^;^ — r* and B^j^ — Y Bf^,j/2. In addition = 9^ — * ffW^ — ig'B^ 

is the covariant derivative associated with the electroweak group. Such a Lagrangian induces new couplings, which 
possess a rich structure, between the SM gauge bosons and the bileptons. It is interesting to note that the Z'WW 
vertex is not induced. In particular, the trilinear vertices WYY, YY'y, and the quartic one WWYY, induce one- 
loop anomalous contributions to the electromagnetic static properties of the W boson. The trilinear couplings were 
previously studied in jl^. We take one step forward and present the complete expressions for both the trilinear 
and the quartic vertices in Appendix Finally, the term £np induces interactions between the Z' boson and the 
bileptons: 



/:np = - Iz'.^z""' - ^lIi21z',,y^^y'^ - ^-^z',Y} {Z'^Y^ - Z'^Y^) 

+ Y i^l y^-^) (^'^^ ~ rt^^y^^ + ^ (r^ty^) (ytMy>^ _ yt^^A*) . (20) 

At the Fermi scale the bileptons and the Z' boson receive additional mass contributions from the VEV of the 
SUl(2) doublet < >o= (i = 1,2). By simplicity we are assuming that < H >o= 0. The extra mass terms 

for the bileptons arise from the Higgs kinetic-energy sector and are given by 



(21) 



Notice that these terms violate the custodial SUc(2) symmetry. Therefore, the bilepton masses are now given by 



2 2 

My+^ = ^{u^ + vI), My+^^{u'+vl). (22) 



As for the W boson, it gains a mass given by 



m 



2 _ y /'„,2 I „,2 
W 



(23) 
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From these expressions, the following bound on the splitting between the squared bilepton masses can be derived |2C 



|m2++-M2+| <m^. (24) 

Some remarks concerning the decoupling theorem and the custodial symmetry are in order. First of all, note that 
the bilepton masses depend essentially on the coupling constant the Fermi scale v'^ = + V2, and u. Since g and 
V are fixed by experiment, the only way in which the bileptons can become very heavy is through a large u. We will 
discuss below that this fact is crucial in order for the bileptons to respect the decoupling theorem. On the other hand, 
the mass splitting arises from the term that violates the custodial SUc(2) symmetry. As an immediate consequence, 
there are bilepton contributions to the STU oblique parameters arising from the mass splitting As it will be 
seen below, both An and AQ also depend on this quantity, though the dependence is somewhat different. In the large 
mass limit {My ^ m^y) the custodial symmetry is restored, i.e. T — > 0. 
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We can now specify the theory by defining a supplementary condition. Since we are interested in studying the 
loop contributions to the on-shell WW^ vertex arising from bileptons, it is only necessary to define a gauge-fixing 
procedure for these fields. Although a calculation within the unitary gauge requires only those vertices which arise 
from £sMNP7 for computational matters we found convenient to work in the framework of a renormalizable gauge, 
which requires the introduction of scalar fields (pscudo-Goldstone bosons and Faddecv-Popov ghosts). We will define 
a gauge which is covariant under the electromagnetic Uc(l) group by means of gauge- fixing functions which transform 
covariantly under this group [ pT[ . We summarize the respective gauge-fixing procedure, together with the Fcynman 
rules necessary for our calculation in Appendix 

III. STATIC PROPERTIES OF THE W BOSON 

When the three bosons are on the mass-shell, the most general CP-conserving WWj vertex can be written as 



+ 2AK{Q^g^"-Q'^g^P) + ^p^Q'^QP], (25) 

where we are using the set of variables depicted in Fig. ^ In the SM, both Ak and AQ vanish at tree level, whereas 
the one- loop corrections are of the order oi a/n These parameters are defined as 

An ^ + - 1, (26) 

AQ = -2X^. (27) 

where and are related in turn to the magnetic dipolc moment, iiw, and the electric quadrupole moment, Qw, 
as follows 

IJw = TT— (1 + «7 + ^i) > (28) 
2 mw 



iw 



{k^ - A^) . (29) 



In this Section we will present the complete calculation of the bilcpton contribution to both AQ and Ak in the 
minimal 331 model. Before presenting our results, it is worth commenting about the scheme that was employed to 
calculate the contribution from the diagrams of Fig. |[ 

In the nonlinear Ue(l)-covariant gauge, the static properties of the W boson receive contributions from singly and 
doubly charged bileptons through the diagrams depicted in Fig. |[ In the Feynman-t' Hooft gauge, that can be safely 
used since the static properties are gauge independent, there are also contributions from diagrams with unphysical 
fields. Apart from diagrams ||(e) and|2|(f), the singly and doubly charged pseudo-Goldstone bosons also contribute 
through two triangle diagrams similar to that shown in Fig. ^(a). It is easy to see that there are no contributions from 
any two-point diagram involving only pseudo-Goldstone bosons. The same is true for the singly and doubly charged 
Ghost field contributions, which arise only from triangle diagrams similar to that of Fig. ||(a). Given the Feynman 
rules shown in Appendix it is straightforward to obtain the amplitude corresponding to each one of the diagrams 
contributing to the static properties of the W boson. We have used a slightly modified version of the reduction scheme 
of Passarino and Veltman to express our result in terms of scalar functions p^ . To illustrate our calculation scheme, 
let us consider the triangle diagram shown in Fig. (a): the one which involves the Y Y 7 coupling but now 
with the bilepton gauge bosons replaced with their respective pseudo-Goldstone boson. From now on this diagram 
will be referred to as (a'). The respective amplitude is given by 

M^p^-^g ej jj-^ , (30) 
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where 



A = {{k+p)^ - Af2 + ) ((fc + g)2 _ ((fc - Q)2 - Af2++) , (31) 

and Z? is the space-time dimension. We have dropped any term that does not contribute to the static properties of the 
W boson. In addition, we have used the mass-shell and transversality conditions for the gauge bosons, which means 
that we can make the following replacements everywhere: {Q — pY = [Q + = "^vK' ~^ Q°' ^"^"^ ~^ —Q^- As 
it will be evident below, the condition = was only used at the final stage of the calculation. 

The amplitude A^^°^^ can be put in the form of Eq. ( p5| ) by means of the Feynman parameters technique. One 
more alternative is to use the Passarino-Veltman method to reduce the tensor integrals down to scalar functions. 
However, the last scheme involves the inversion of the kinematic matrix 



pI Pi ■ P2 
Pi ■ P2 pI 



(32) 



where pi = Q — p and p2 — —2Q. The respective Gram determinant is given by = 4(5^ {it^w ~ which 
clearly vanishes for = 0. It is thus evident that the Passarino-Veltman method breaks down if one attempts to 
use the condition = during the course of the reduction stage. One way to overcome this difficulty is via the 
approach followed in Ref. which can be summarized in two steps 

• Assume that 7^ and apply the Passarino-Veltman reduction scheme as usual. 

• Once the reduction is done, take the limit 0. 



After the reduction stage, the contribution from the diagram (a') to AQ can be expressed as 



16 Ag(°') 



lim 



(33) 



Both the ho and hi functions are analytical at = 0. In fact /io(0) = 0, which is a necessary condition in order for 
the limit of Eq. (Es) to exist. This function is given in terms of scalar functions as follows 



+ /34 Bo (0' ,M^+^,M^^+)+ 13^ Co {ml, , n?^ , 4Q2 , 



Y++) 



Y+ + ) 



(34) 



where the f3i functions depend on Q^, m^, My+, and My++- A similar expression holds for the hi function. We are 
using the notation of Ref. |p3] for the scalar functions. The application of I'Hopital rule to Eq. (33) yields 



AQ 



(a') _ 



dhoiQ^ 



hi{0) 



(35) 



As was noted in Ref. |17|| , any n-point scalar function and its respective derivatives can be expressed in terms 
of a set of (n — l)-point scalar functions when the kinematic Gram determinant vanishes. It follows that, in the 
limit of 0, one can express the three-point scalar function Co (m^, to^, 4 Q^, My+_,_, , My++) and its 

derivative with respect in terms of the two-point scalar functions Bq (jnln My+j My++) , Bo (O, My+, My+), and 
Bo (0, My++, My++)- It is then straightforward, though somewhat lengthy, to obtain the limit of Eq. (|3^). We thus 
have 



AQ 



(a') _ 



+ 2 [(77 (1 + ry) - (1 + 2 ,7) e + C') ^ + V ^ V + 0] ^i('7, 
-2(l + ry-0 e {V^C')F2{V,0}, 



(36) 
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where we are using the following variables 77 = {My+ /mw)^ , £. = {My++ /mw)"^ , = 477— (C — ??— 1)^, and oj"^ = 477^. 
Furthermore 



Fi (r,, = Bo (m^ , ^ , ) - (0, Af ^ + , ^ ) 

^ ■ - 2 C arcsin (J-^ + - ?7 " 1) log 



(37) 



Y++ , M^++ ) - (0, , ) = log ( ^ 



(38) 



We introduced explicit solutions for the scalar two-point functions. 

In a similar way, we can obtain the respective contribution to Ak, which is given by 



Idtt"^ I 3 



(39) 

The scheme above outlined can be employed to calculate the contributions from the whole set of diagrams shown in 
Fig. ^. Apart from the computational facilities offered by this scheme , its advantages are twofold: the cancellation 
of ultraviolet divergences is evident [see Eqs. (^) and ([3^)] since they are isolated as poles of 4 — I? in the two-point 
scalar functions; furthermore, the two-point scalar functions in turn can be expressed in terms of elementary functions 
p3[ or numerically evaluated readily . 

We turn now to discuss some other interesting facts of our calculation. In the nonlinear Uc(l)-covariant gauge, the 
only diagrams with ultraviolet divergences are those shown in Fig. ^(a) - ^d). The ultraviolet divergences of diagram 
||(a) cancel out those of diagrams ||(b)- ||(d). It is interesting to note that in the SM the ultraviolet divergences are 
cancelled when the contribution from the two-point diagram with W bosons [the analogue of diagram ^b)] is added to 
the contribution from the triangle diagrams including a Z boson or a photon. In the case of the 331 model, there is no 
contribution from the extra Z' boson and divergence cancellation occurs between diagrams containing just bileptons. 

As shown in Eq. (p^), in the minimal 331 model SSB imposes an upper bound on the splitting of the bilepton 
masses, which can be rewritten in terms of rj and ^ as [^ — 77! < 1. Therefore, it is convenient to express the static 
properties of the W boson in terms of one bilepton mass and the mass splitting, let us say 77 and ^ ^ £, — 1] < 1 (we 
have assumed that ^ > 77). We thus rewrite ( and w as = 4/; — (e — 1) and uj"^ = Arj (77 + e). Once the contribution 
from the diagrams of Fig. H has been obtained, one can write 



AQ 



47rs2 



+ i arcsin (^^ ) + log 



(40) 



with 



/o^ = -+e(2e- 7)- 277. 



(41) 



f^^2 [(e-1) e (2+(e-4) e) - (1 + e (4 e - 11)) 77 + 2 77^ 



(42) 



/2'5 = e(2 + (e-4)e- 2 77)-|-37;. 



(43) 



We also have 



Ak 



/q + — arcsin 



(44) 
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with 



/f = -^[3-(5-26)e-4r?], (45) 



/i" = -2 + (l-e) e (7-3 (e-3) e) + llr7-15 (e-2) er^^Urf-, (46) 



/2 = ^ [6 - 977 - e (7 - 3 (3 - e) e - 9r;)] . (47) 

A very interesting scenario is that in which the bilepton masses are degenerate (e = 0). From the above equations 
we get 



AQ =- — ^ -- 2 77 arcsin^^ , 48 



A«L=o = (^-^ + 6 77 + (2 - 3 7;) arcsin ^^^^ j , (49) 

We wiU discuss below the decouphng properties of these quantities as 7/ — > 00. 

IV. RESULTS AND DISCUSSION 

Before analyzing our results, it is interesting to comment on the bounds on the doubly and singly charged gauge 
bosons masses. Both scalar and vector bileptons have been extensively studied in the literature |2^. An interesting 
peculiarity of the minimal 331 model is that the masses of the bilepton gauge bosons are bounded from above: 
My < 600 GeV. This bound is derived from the fact that embedding the electroweak group in the 331 gauge group 
requires that sin 9w < 1/4 [^,^. However, it has been noted that the last bound relaxes if the minimal Higgs sector 
is extended to comprise one Higgs scalar octet or in other exotic scalar sectors p^ . Up to now, the most stringent 
bound on the doubly charged bilepton mass is that derived from muonium-antimuonium conversion, /i^e+ ^^e~ ^ 
which imposes the limit My++ > 800 GeV However, diverse authors have argued that this bound can be evaded 
in a more general context since it relies on some very restrictive assumptions, such as considering that the matrix that 
couples bileptons to leptons is flavor diagonal [E8|. Another very stringent bound, namely My++ > 750 GeV, arises 



from fermion pair production and lepton-flavor violating processes 29 1. Most recently, it has been claimed that the 
data taken at the CERN LEP-II at = 130-206 GeV can be used to establish very restrictive bounds on the doubly 
charged bilepton mass and the respective couplings |30j. As for the singly charged gauge boson, the bound My+ > 
440 GeV has been derived from limits on muon decay parameters [3l|. However, we can directly obtain a bound on 
the mass of this bilepton by considering the mass splitting bound [Eq. (p4[)] and the current bounds on My++ ■ At 
this point we would like to stress that all the previous bounds are somewhat model dependent, thereby allowing the 
existence of a lighter bilepton gauge boson. In the following analysis, we will consider the more conservative range 
300 GeV < My < 1 TeV. We will discuss below that the mass splitting bound has very important consequences which 
are closely related to the decoupling theorem. 

We are now ready to discuss our results. In the preceding Section we have presented explicit expressions, ready 
for their numerical evaluation, of the bilepton contribution to the static properties of the W boson in the minimal 
331 model. To begin with, it is worth analyzing the behavior of the AQ and Ak parameters as functions of both 
the singly and doubly charged gauge boson masses. The AQ parameter is shown in Fig. ^ whereas Fig. ^ shows 
the Ak parameter. For the purpose of comparison with results derived within other models, the results shown in 
Fig. ^ and Fig. || are given in units of a = (7^/(967r^), which has been widely used in the literature ||]. We are 
using the scaled variables 7/, ^, and e, defined in the last Section. It is not surprising that the maximum contribution 
from the bilepton gauge bosons to AQ is of the order of O(a/100), while the maximum value of Ak is of the order 
of 0{a). These values are of the same order of magnitude as those arising from other weakly coupled renormalizable 
theories, such as the two-Higgs doublet model [||, supersymmetric theories Q, etc. As far as the SM contributions are 
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concerned, AQ — O(a/10) and Ak ~ 0(10 a), for a Higgs boson mass of the order of 100 GeV |]. In the 331 model, 
the maximum value of AQ is reached when the bilepton gauge boson masses are degenerate and acquire their lowest 
allowed values. In the case of Ak, its maximum value is obtained for the lightest allowed singly charged bilepton and 
the maximum allowed splitting. Both AQ and Ak decrease rapidly as the bilepton masses increase simultaneously, 
as expected from the decoupling theorem. We will argue below that the validity of the decoupling theorem is, in this 
case, a little more involved than usual. 

If the 331 model is realized in nature, there is no compelling reason to expect that the bilepton masses are exactly 
degenerate. However, in the case of a very heavy bilepton, with a mass of the order of 1 TeV, the bilepton masses 
are indeed almost degenerate (for instance, when My++ = 1 TeV the maximum splitting allows for My+ ~ 997 
GeV). Therefore, in the heavy mass limit the bilepton masses become exactly degenerate and the custodial SUc(2) 
symmetry is also exact, which also means that in this limit the bilepton contribution to the oblique parameter T 
vanishes |2^. In Fig. || we show the static properties of the W boson, as a function of 77, when the bilepton masses 
are degenerate. In this scenario, both AQ and Ak decouple from low-energy physics when the bilepton mass is very 
heavy, in accordance with the decoupling theorem. It is interesting to analyze further this point. The bilepton gauge 
bosons acquire masses from the VEV of ^y, when the SUc(3) x SUl(3) x Ux(1) gauge group is broken down to the 
SUc(3) X SUl(2) X Uy(1) gauge group. At this stage of SSB, the bilepton gauge boson masses are degenerate [see Eq. 
(ITTI)]. The subsequent breaking of the SUc(3) x SUl(2) x Uy(1) gauge group, through the VEVs of the 'f-' doublets, 
induces the splitting e between the bilepton masses [see Eq. (p2|)], thereby breaking the custodial SUc(2) symmetry. 
Since the SM gauge boson also get their masses at this stage, e cannot become arbitrarily large and is bounded from 
above. In fact, a heavy bilepton mass implies a large VEV of which is not fixed by experiment. So, we cannot 
have a scenario where the mass of one bilepton becomes large while the mass of the other one remains small. This fact 
is crucial for the validity of the decoupling theorem. At this point we would like to compare the bilepton case with 
that of a SM-like fermion doublet, which is known to give rise to nondecoupling effects when there is a large splitting 
between the masses of the fermion doublet components p^ . For this purpose, let us consider the contribution from 
a hypothetical SM-like fourth fermion family, with quarks it' and d! , to the oblique parameters. Of course, the same 
analysis applies to a doublet composed of a heavy lepton and a massive neutrino [|33|1 . In this case, the fermion masses 
arise from independent Yukawa couplings and a heavy mass involves a large Yukawa coupling. In principle, there is 
no theoretical restriction for having a splitting Arn^ = m^, — m^, arbitrarily large, though low-energy data do impose 
restrictions on it 132]. To clarify our point, let us consider the fermion contribution to the T oblique parameter: 



T Fiml ,m%)^ ml, + ml - 2 log f"^) , (50) 

which clearly vanishes when m,i' = m^/. Let us now assume that we can make m„/ large while m^/ is held fixed. 
In the limit md' <C we get T ^ "i,^,. It is thus evident that the decoupling theorem breaks down, which is not 
surprising since the heavy mass limit implies a large Yukawa coupling. 

Let us now consider the contribution from the bilepton gauge bosons to the o bliq ue T parameter, which actually 
has the same mass dependence as in the fermion case, i.e. T ~ F(My+,M^++) [g^l- At first sight one might think 
that the bilepton gauge bosons would also give rise to nondecoupling effects. However, the splitting between the 
bilepton masses is now bounded from above: AMy = My++ — < ni^, which in the heavy mass limit becomes 

AMy <C My++ My+- Therefore, writing My++ = AMy — My+ and expanding the T parameter in powers of 
Am'^ /My+j we have in the limit of large bilepton masses 



T ' 



(AM-i 



(AM, 



(51) 



It is thus clear that in this case the decoupling theorem remains valid, although there is the same mass dependence as 
in the fermion case. As in this limit the bileptons become almost degenerate, the custodial SUc(2) symmetry becomes 
almost exact. It is important to notice that the bilepton gau ge boson contribution to the S parameter also vanishes 
in the limit of exact degeneracy since S ~ log(My+ / My++) po|| . 

Now let us go back to the static properties of the W boson. It turns out that a similar analysis as the one already 
presented can be done for AQ and Ak, though in this case there is a more intricate mass dependence, which makes 
the analysis less transparent [see Eqs. (^0|)-(4^]. In the heavy mass limit we have e ^ 77 ^ ^, which yields Eqs. ( |4^ ) 
and (|4S|). In this case, shown in Fig. |^, both AQ and An vanish for a large bilepton mass: i.e. they are insensitive 
to a heavy bilepton. In fact, from Eqs. (El) and (49) we get when e <C ?7 ~ ^ 
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( 



) 



2 



AQ ~ Ak - 



mw 



(52) 



My 



which manifestly decouples from low-energy physics. 

We would like now to explore the hypothetical situation in which a large mass splitting is allowed. It turns out that 
if we make ^ large while 77 is kept fixed, AQ vanishes, whereas Ak tends to a constant value. This scenario is depicted 
in Figs. ^ and Q In Fig. ^, AQ is shown as a function of the doubly charged bilepton mass, for diverse values of 
the singly charged bilepton mass. It is evident that AQ would decouple if My++ would become heavy while My+ 
remains fixed. On the other hand, Fig. ^ shows a similar plot for Ak, which makes also evident that this parameter 
would be sensitive to nondecoupling effects if the doubly charged bilepton mass would become much heavier than the 
singly charged bilepton mass. Although the situation illustrated in Figs. ^ and ^is unrealistic within the 331 model, 
which forbids a mass splitting larger than the electroweak scale, the previous analysis is useful to clarify the following 
point: even in the scenario in which Ak is sensitive to nondecoupling effects of a heavy particle, AQ is insensitive to 
such effects. This fact was noted in Ref. |l^, where it was explicitly verified that the contributions to AQ from an 
extra fermion doublet and technihadrons as well do decouple in the heavy mass limit . 

Finally, we would like to stress that the main difference with a SM-like fermion doublet is that both components of 
the bilepton doublet of the 331 model get a heavy mass from a large VEV (u), which is heavier than the electroweak 
scale. On the other hand, the splitting between the bilepton masses lies in the electroweak scale since it arises from 
VEVs which break the SUc(3) x SUl(2) x Uy(1) gauge group down to Ue(l). In fact, these VEVs also give masses to 
the SM gauge bosons. In the case of the SM-like fermion doublet, its components acquire their masses from Yukawa 
couplings. In summary, in the case of the bileptons, a heavy mass implies a large VEV but not a large coupling, 
whereas in the fermion case a large mass does implies a large coupling. The bilepton case has a close resemblance 
with the one discussed in Ref. [p^ , concerning a scalar doublet which acquires mass from a bare parameter. 



We have presented a detailed study of the bilepton gauge boson contributions to the static properties of the W 
boson. We have presented explicit expressions for AQ and Ak in terms of elementary functions. We found that both 
AQ and Ak are of the same order of magnitude as those contributions from other weakly coupled renormalizable 
theories, like supersymmetric theories and the two-Higgs doublet model. An important consequence of this result 
is that, unless an overoptimistic precision is achieved in the future measurements of the anomalous moments of the 
W boson, it would be extremely difficult to unravel the source of any possible deviation from the SM, if such a 
deviation is detected indeed and arises from a weakly coupled renormalizable theory. In the course of the last Section, 
particular emphasis was given to the decoupling properties of the bilepton gauge bosons. We have found that the 
bilepton contribution to the static properties of the W boson decouples from low-energy physics as both the singly 
and the doubly charged gauge boson masses become heavy. There is a hypothetical scenario which might give rise 
to nondecoupling effects, but it is unrealistic as involves a large mass splitting (larger than the electroweak scale), 
which is not allowed in the 331 model since such a splitting is induced by the electroweak scale. In this context, 
the bileptonic contribution has a close resemblance with the contribution from a SM-like fermion doublet or a scalar 
doublet. In fact, the contribution from some Feynman diagrams involving bileptons has the same mass dependence 
as that derived from the Feynman diagrams involving fermions or scalar bosons. The main difference is that a large 
fermion mass comes from a large Yukawa coupling, while a large bilepton mass requires a large VEV. It has been 
argued that the last case does not give rise to nondecoupling effects. 

Finally, as a by-product of our calculation, we have studied the Yang-Mills sector which induces the interactions 
between the bileptons and the SM gauge bosons. The respective trilinear and quartic vertices have been studied and 
the Feynman rules were derived within a nonlinear gauge covariant under the Uc(l) gauge group, which allowed us 
to remove any ^YGy vertix. We hope that our results could be useful for anyone interested in performing calculations 
involving these couplings. 



V. FINAL REMARKS 
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APPENDIX A: COUPLINGS BETWEEN THE BILEPTONS AND THE SM GAUGE BOSONS IN THE 

331 MODEL 

In this Appendix wc present explicit expressions for the vertices arising from ^smnp, which contains the interactions 
between the SM gauge bosons and those predicted by the 331 model. 

1. Trilinear vertices 



19 



ur+tJ. (Y — Y^" - Y+Y — - Y — ^'Y^" 



- W-'^ {Y^.'^Y-^ - Y-.Y++'') + W-,Y++'^Y-^ 

C^yy = i e| A" {Y-Y+'' - Y+Y-") - F^,Y-'^Y+" 

+ 2 [A^ {Y--Y++^ - Y++Y--^) - F^,Y—'^Y++^] |, 

-Czv-y = ^ { - (1 + 2 s^^) [z^ - y + y-) - vy-^y+'-j 

+ (1 -A si,) [Z^{Y--Y++^ - Y++Y-^) - Z^,Y—^^Y++^] |. 
2. Quartic vertices 



(Al) 



(A2) 



(A3) 



CwwYY = ~{W+'' [Y^" [W-Y- - W-Y-) + Y--" (W^-y++ - 

+ (w;+Ti^- - (y— ''y++- - y-/'y+-) }, (A4) 

L^wYY = (Qy+ + Qy^^)a^ [y~^ (VF+y+ - w^+y+) 

+ y++'^(w^-y--T^-y-)], (as) 

C-zwYY = (1 - 4«^) [Y++- {W-Y- - W-Y-) + Y—^ {W+Y+ - W+Y^)] 

- (1 + 2s'^) [Y+-^ {W+Y-- - W+Y--) + Y-^{W-Y++ - W-Y++ )] 

+ 2 [w+'^ {Y--Y+ - Y--Y+) + w-^ (y++y- - y++y-)] } , (A6) 

C^^YY = -e^ A^^ [Y+'^ [A^Y- - A^Y^) + 4 Y++^ [A^Y'- - A^Y^-)] , (A7) 
C.ZYY = -i^Z'^l - (1 + 2^2^) [Y+-' {A,Y- - A,Y-) + Y-^ {A,Y+ A,.Y+)] 

+ 2(1-4 si,) [y++- (A^y-- - A,Y--) + Y-^ (A^y++ - a,y++)] }, (as) 
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ZZYY — 



[l^Asl.fY++^ {Z,Y---Z,Y^ 



(A9) 



In the above expressions, V^i, = d^Vi, — d^V^ {V = 7, Z, W, Y). We have omitted those vertices which arise from the 
last term of Eq. ( pj| ) because they involve the neutral Z' boson. 



APPENDIX B: FEYNMAN RULES IN A Uo(l)-COVARIANT GAUGE 

This gauge is defined by means of the following nonlinear gauge-fixing functions, which transform covariantly under 
the Uc (1) group: 

/++ = D;Y++^^ - i^My^^ G++, (Bl) 

f+^DlY+^~i^My^G+. (B2) 

where Z3|^ = 9^ — ieQy {Qy = 1, 2) is the Uc(l) covariant derivative, ^ is the gauge parameter, and Gy are the 
pseudo-Goldstone bosons associated with the bilepton gauge fields. 

This gauge allows us to eliminate the YGyj vertices but not the YWGy ones, which are given by 

CywG = [W+f' {G+d^Gy- - Gy-d^G+) - W-f' {Gyd^G++ - G++d^Gy)] . (B3) 
v2 

The interactions between the pseudo-Goldstone bosons and the photon obey scalar electrodynamics: 

Ca^G.-r = {DIG+) ^ {D-^ ^G+) + (l?^G++) ^ {D^ ^G++) . (B4) 
The gauge-fixing Lagrangian can be written in the form 

CgF =--^fyf^--^fy-f^+ 

= - i {DIY+^^)^ {DIY+^) - i {DIY++^^)^ {DIY++^) - ^M^^GyG+ 
- ^M^++Gy-G++ + iMy^ (g+ {Dl^Y+^')^ - Gy {DIY+'') 

+ z M^++ (g++ - Gy- {DIY++'^)) . (B5) 

After integration by parts, the last two terms of this expression cancel out the bilinear, YGy ^ and the trilinear, YGy^^ 
couplings that arise from the Higgs kinetic-energy sector. 

Finally, the Faddeev-Popov Lagrangian needed for the calculation of the WWj vertex has the following form 

Cfpg - (D^^Wy-) {d;C++) + (D^^G++) (D^^Cy-) - ^M^+^ {Cy-C++ + C++Cy-) 
+ {D^^^Cy) {d;C+) + {D<^^C+) {D;^Cy) ~ iMl^ {CyC+ + C+Cy) 

+ ^{1^+- [{Dt}Cy-) G+ - (D^Ci^) Cy-] 

- [{DIC++) Cy - {D^^Cy) C++] I (B6) 

The respective Feynman rules are summarized in Figs. |-10 and Table |. It can be seen that QED-like Ward 
identities are satisfied by the YY^, GyGy^, and GYGy7 vertices. 
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FIG. 1. The trilinear WW^ vertex. The loop denotes any anomalous contribution. 
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(a) (b) 




FIG. 2. Feynman diagrams for the WW'y vertex in the nonlinear Uc(l)-covariant gauge. There are also two sets of diagrams 
obtained from diagrams (a)-(d) after replacing each bilepton gauge boson with their respective pseudo-Goldstone boson and 
diagrams (a), (c) and (d) with their ghost field. 




FIG. 3. Bilepton gauge boson contribution to the anomalous AQ parameter, in units of a = 3^/(96 tt^). 77 = (A'/y+/mvi/)^ 
and e = iM^++ - M^+)/ml,. 




FIG. 4. Bilepton gauge boson contribution to the anomalous Ak, in units of a = (7^/(967r^). rj — {My+ /mw)^ and 
e={M^++-M^+)/ml.. 
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FIG. 5. Static properties of the W boson, in units of a = g^/{96'K^), when the bilepton masses are exactly degenerate, as a 
function rj = {My /mw)^ ■ 







-0.02a 



-0.04a 

< 



' 1 ' \ ' \ ^ \ L 1 


' 1 ' 




























/ ■' 


















7 y'/- ' 


















f' 












} 


M^. [GeV] 




.1 






:i 


— 100 




.7 


-- 200 




.'/ 


■ 300 




■/ 


-500 




1 






1 

1,1.1.1.1.1 


1 





M^,. [GeV] 

FIG. 6. Bilepton gauge boson contribution to the anomalous AQ parameter, in units of a = / (96 ir^) , as a function of the 
doubly charged gauge boson mass. We show curves for diverse values of the singly charged gauge boson mass, as indicated in 
the plot. 
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FIG. 7. Bilepton gauge boson contribution to the anomalous Ak parameter, in units of o = /{96n^), as a function of the 
doubly charged gauge boson mass. We show curves for diverse values of the singly charged gauge boson mass, as indicated in 
the plot. 
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FIG. 8. Feynman rules for the trilinear and quartic vertices involving singly and doubly charged gauge bosons. Ci = ig/\/2 
and the respective expressions for S, T, U and V are given in Table 0. 
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FIG. 9. Feynman rules for the trilinear and quartic vertices involving singly and doubly charged pseudo-Goldstone bosons. 
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FIG. 10. Feynman rules for the trilinear and quartic vertices involving singly and doubly charged ghost fields. 



TABLE I. Feynman rules for the vertices shown in Fig. 
Y — Y^'^ , respectively. 



U and U' stand for the WWYY vertex when Y = Y+ and 



Uo(l)-covariant gauge 



S(x X p 

UapXp 
Ua/SXp 
Val3 Xp 



{k'z - ki)agxp + (fe — k2)xgap + (fci — k)pgaX 
{k2 — ki)c,gxp + (fc - I fcl — k2)xgap + (fci + | ^2 — k)pgaX 

gap 9Xp + gapQ/S X ~2gaxgi3p 

gap gxp - 2gap gpx + gax gpp 
gapgxp — gapgpx 
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